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Studies of Cargo Delivery to the Vacuole Mediated
by Autophagosomes in Saccharomyces cerevisiae
1997). Under starvation conditions, the complex is en-
gulfed by the autophagosomal membrane and then de-
livered to the vacuole (Baba et al., 1997). After delivery,
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Myodaiji-cho, Okazaki 444-8585 In contrast to the autophagic pathway induced under
starvation conditions, proAPI is also delivered constitu-Japan
2Department of Molecular Biomechanics tively to the vacuole during vegetative growth through
the Cvt pathway. This Cvt pathway is mediated by aSchool of Life Science
The Graduate University for Advanced Studies double-membrane vesicle, termed the Cvt vesicle (Baba
et al., 1997). The Cvt pathway also contributes to theNishigonaka 38
Myodaiji-cho, Okazaki 444-8585 transport of another vacuolar hydrolase,-mannosidase
(Hutchins and Klionsky, 2001). Autophagosomes (aboutJapan
500 nm in diameter) and Cvt vesicles (about 150 nm
in diameter) can be distinguished by their contents, in
addition to their sizes. The Cvt vesicle contains onlySummary
selective cargos, whereas the autophagosome contains
selective and nonselective materials (Baba et al., 1997).In the yeast Saccharomyces cerevisiae, aminopepti-
dase I (API), a vacuolar hydrolase, is selectively trans- The structural characteristics of API as it passes
through the Cvt pathway have been described. Newlyported to the vacuole via the autophagosome. API
forms a cytosol to vacuole targeting (Cvt) complex in synthesized API first oligomerizes via its carboxy-termi-
nal region to become a dodecamer (Kim et al., 1997).the cytoplasm. The complex is engulfed by the auto-
phagosome under starvation conditions. In this study, Unlike the C-terminal region, the N-terminal propeptide,
which consists of 45 amino acids, is essential for thethe Cvt complex is visualized as a dot in the cytoplasm
by fluorescence microscopy with API-GFP. The Cvt transport of API to the vacuole, but not for dodecameri-
zation (Kim et al., 1997; Oda et al., 1996). Random muta-complex associates with the preautophagosomal
structure (PAS), which plays a central role in auto- genesis of the API propeptide showed that the first 
helix, which comprises 18 amino acids, is particularlyphagosome formation. In a cvt19 mutant, which is
specifically defective in API transport, but not in au- important for API targeting to the vacuole. API mutants
containing deletions in the first  helix are able to oligo-tophagy, the Cvt complex forms normally but never
associates with the PAS. This indicates that Cvt19p merize but cannot bind to membranes (Oda et al., 1996).
The proform of the P22L mutant, on the other hand, inmediates association between the Cvt complex and
the PAS. which the  turn between the first and the second 
helices is altered, binds strongly to the membrane but
exhibits a maturation defect (Oda et al., 1996). It is stillIntroduction
unclear with which membrane proAPI associates.
Interestingly, genetic approaches have revealed thatWhen eukaryotic cells are exposed to starvation condi-
tions, they degrade their cytoplasmic materials in order the autophagic and Cvt pathways share a common basic
machinery: APG (autophagy), AUT (autophagy), and CVTto survive. Macroautophagy (autophagy) is responsible
for bulk protein degradation (for review see Kim and (cytosol to vacuole targeting) genes were independently
isolated by three groups (Tsukada and Ohsumi, 1993;Klionsky, 2000). In the yeast Saccharomyces cerevisiae,
autophagosomes enclose cytoplasmic materials under Thumm et al., 1994; Harding et al., 1996). Most of the
apg, aut, and cvt mutants are defective in both the au-starvation conditions (Baba et al., 1997). The outer mem-
brane of the autophagosome fuses with the vacuolar tophagic and Cvt pathways. Apg17p, however, is neces-
membrane, and the inner vesicle is released into the sary only for the autophagic pathway, but not for the
vacuolar lumen to become the autophagic body. Subse- Cvt pathway (Kamada et al., 2000). On the other hand,
quently, the autophagic body is disintegrated by the Cvt9p and Cvt19p specifically function in the Cvt path-
action of vacuolar hydrolases (Takeshige et al., 1992). way (Kim et al., 2001b; Scott et al., 2001). Furthermore,
Although autophagy is essentially a nonselective deg- recent studies identified other factors involved in these
radation process, recent studies showed that amino- pathways; Sec18p (N-ethylmaleimide-sensitive fusion
peptidase I (API), a vacuolar hydrolase, is selectively protein, NSF) and Vti1p (soluble N-ethylmaleimide-sen-
transported to the vacuole via the autophagosome sitive fusion protein attachment protein, SNARE) are
(Baba et al., 1997). API is synthesized as a proform required for both pathways (Ishihara et al., 2001).
(proAPI), which has a propeptide in its N terminus (Oda Sec12p, Sec16p, Sec23p, and Sec24p, which are exam-
et al., 1996). ProAPI forms a structure in the cytoplasm ples of coatomer proteins (COPII), are needed only for
that has been identified by electron microscopy as the autophagy (Ishihara et al., 2001). In contrast, Mai1p
cytosol to vacuole targeting (Cvt) complex (Baba et al., (Barth et al., 2002), Tlg2p (Abeliovich et al., 1999), Vac8p
(Scott et al., 2000), and Vps45p (Abeliovich et al., 1999)
are described as specific factors required only for the3Correspondence: yohsumi@nibb.ac.jp
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Table 1. Strains Used in this Study
Strain Genotype Source
SEY6210 MAT ura3 leu2 his3 trp1 lys2 suc2 Robinson et al., 1988
GYS102 SEY6210 apg1::LEU2 Suzuki et al., 2001
GYS244 SEY6210 API::API-GFP-KAN This study
GYS237 SEY6210 API::API-GFP-KAN apg1::LEU2 This study
GYS249 SEY6210 API::API-GFP-KAN vps30::LEU2 This study
GYS251 SEY6210 API::API-GFP-KAN apg7::LEU2 This study
GYS259 SEY6210 API::API-GFP-KAN pep4::LEU2 This study
GYS282 SEY6210 API::API-GFP-KAN pep4::LEU2 apg1::URA3 This study
GYS285 SEY6210 cvt19::URA3 This study
GYS286 SEY6210 API::API-GFP-KAN cvt19::URA3 This study
GYS308 SEY6210 API::APIL11S -GFP-KAN This study
GYS312 SEY6210 API::APIP22L -GFP-KAN This study
GYS314 SEY6210 API::API-GFP-KAN pep4::LEU2 cvt19::URA3 This study
KVY55 SEY6210 PHO8::pho860 Kirisako et al., 1999
JOY687 SEY6210 PHO8::pho860 apg7::LEU2 This study
YYK203 SEY6210 PHO8::pho860 ape1::LEU2 This study
Cvt pathway. The formation of autophagosomes and several attempts to visualize API by tagging with green
fluorescent protein (API-GFP) failed to acquire sufficientCvt vesicles is regulated precisely by these factors.
Cvt19p, a factor required only for the Cvt pathway, fluorescence signals, we have developed a strain ex-
pressing API-GFP by a direct integration method (Long-interacts directly with proAPI and is delivered to the
vacuole together with proAPI (Scott et al., 2001). The tine et al., 1998), which emits sufficient signal to examine
API-GFP trafficking (Table 1).interaction between Cvt19p and proAPI does not require
other factors and is weak in the API9–11 mutant, but In wild-type cells, proAPI was processed to mature
API (mAPI; Figure 1A, lane 1), and this processing wasstrong in the APIP22L mutant (Scott et al., 2001). Cvt19p
forms perivacuolar punctate structures and plays impor- blocked in apg1 cells (Figure 1A, lane 2). Throughout
this study, we used rapamycin to induce autophagytant roles in the transport of -mannosidase together
with API (Leber et al., 2001; Scott et al., 2001). (Noda and Ohsumi, 1998). Upon rapamycin treatment,
processing of API was enhanced in wild-type cells (Fig-Previous studies have utilized API as an indicator of
the Cvt pathway under growing conditions and of the ure 1A, lane 5), but the processing was blocked com-
pletely in apg1 cells (Figure 1A, lane 6). In wild-typeautophagic pathway under starvation conditions. How-
ever, basic knowledge of the Cvt pathway, such as the cells expressing proAPI-GFP, immunoblot analysis
showed that a small amount of mAPI is present undernumber of Cvt complexes formed, is still lacking. To
understand the process of bulk protein transport and growing conditions (Figure 1A, lane 3), indicating that
proAPI-GFP is less effectively processed than proAPI.selective transport of the Cvt complex via the auto-
phagosome, we visualized the Cvt complex with green In the presence of rapamycin, the amount of proAPI-
GFP was elevated (Figure 1A, lanes 4 and 8), as seenfluorescent protein (GFP)-tagged API (API-GFP) by fluo-
rescence microscopy. We found that the Cvt complex for endogenous proAPI in wild-type cells (Figure 1A,
lanes 2 and 6). ProAPI-GFP was converted to mAPI,can be detected as a dot in the cytoplasm. By using
API-GFP as a tracer of the Cvt complex, we visualized instead of mAPI-GFP (Figure 1A, lane 7), because of
cleavage of the GFP moiety (Figure 1A, lane 7). A largerthe process of transport and dissociation of the complex
in vivo. Furthermore, we demonstrated that the Cvt com- amount of mAPI was detected in rapamycin-treated
cells than in cells under growing conditions (Figure 1A,plex was associated with the preautophagosomal struc-
ture (PAS), which plays a central role in autophagosome lanes 3 and 7). These results suggest that proAPI-GFP
expression is regulated normally and that proAPI-GFP isformation (Suzuki et al., 2001; Noda et al., 2002).
delivered to the vacuole through the Cvt and autophagic
pathways. Hereafter, API-GFP was observed mainly inResults
the presence of rapamycin, for the analysis of the fate
of cargos in the autophagosome.Visualization of the Cytosol to Vacuole Targeting
(Cvt) Complex in Living Cells Under growing conditions, API-GFP strongly labeled
dot structures outside, but close to, vacuoles and theAminopeptidase I (API), a vacuolar hydrolase, is synthe-
sized as a proform (proAPI), transported to the vacuole vacuolar lumen and showed weak general cytosolic la-
beling (Figure 1B). The pattern of API-GFP stainingvia nonclassical membrane trafficking pathway, and ma-
tured in the vacuole. Recent electron microscopic stud- tended to reflect cell ages; the dots were detected out-
side the vacuole in buds or newborn cells, whereas theies revealed that proAPI forms a cytosol to vacuole
targeting (Cvt) complex in the cytoplasm. Under starva- vacuolar lumen was labeled in mother cells (Figures
1B–1E). The fact that vacuoles are stained by the GFPtion conditions, this complex is selectively engulfed by
the autophagosome together with the cytosol and deliv- fluorescence indicates that API-GFP is delivered to the
vacuole via the Cvt pathway. As autophagy proceeded,ered to the vacuole. Tracing the dynamics of selective
cargos in a living cell is effective for analyzing the fate almost all vacuoles became stained with GFP, and the
fluorescence intensity in the vacuole increased (Figureof cargos sequestered by the autophagosome. Although
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Figure 2. Time-Lapse Microscopy of apg1ts Cells Expressing API-
GFP
apg1 cells (GYS237) carrying the apg1ts plasmid (Suzuki et al.,
2001) were treated with rapamycin for 4 hr at 37C and then at 30C.
Images were acquired at 19 s intervals after the temperature drop.
(A) and (B) represent two sets of typical image sequences obtained
from two individual cells. Bar, 2 m.
blocked at this nonpermissive temperature. Time-lapse
microscopy was then performed after the temperature
was decreased from 37C to 30C. Immediately after the
temperature change, the dot still remained outside the
vacuole as a bright dot (Figure 2A, 45 min 0 s; Figure
2B, 14 min 0 s), as observed in apg1 cells (see below).Figure 1. API-GFP Is Transported to the Vacuole via the Autophagic
After a short lag period (average of 24 min, n  18), theand Cvt Pathways
dot was transported en masse from the cytosol into the(A) Processing of API-GFP. Cell lysates were prepared as described
in Experimental Procedures. Wild-type cells (SEY6210; 1 and 5), vacuole (Figure 2A, 45 min 56 s; Figure 2B, 14 min 37 s),
apg1 cells (GYS102; 2 and 6), wild-type cells expressing API-GFP demonstrating that the dot labeled with API-GFP is the
(GYS244; 3 and 7), and apg1 cells expressing API-GFP (GYS237; delivery-competent Cvt complex and that only one auto-
4 and 8) were grown in YEPD medium (1–4) or treated with rapamycin phagosome was involved in this transport. When API is
for 3 hr (5–8). The asterisk indicates nonspecific bands.
overproduced, the Cvt complex becomes larger (Baba(B–F) API-GFP labels the vacuoles and dots close to the vacuole.
et al., 1997). In the apg1ts mutant, during incubationWild-type cells expressing API-GFP (GYS244) under growing condi-
tions (B–E) and after 4 hr rapamycin treatment (F). (B) API-GFP, (C) with rapamycin at 37C, proAPI-GFP was presumably
vacuoles labeled with FM4-64, (D and F) merged image of API-GFP accumulated to the Cvt complex, as the transport of the
(green) and FM4-64 (red), and (E) Nomarski image. Bar, 2 m. Cvt complex was blocked. This time-lapse experiment
also demonstrates that one autophagosome has enough
capacity to pack this enlarged Cvt complex. Upon trans-
1F). Dot structures were retained in close proximity to fer to the vacuole, the API-GFP fluorescence diffused
the vacuole in a significant portion of the cells (Figure rapidly throughout the vacuolar lumen within 2 min (aver-
1F). These results suggest that API-GFP is delivered to age of 74 s, n  17; Figure 2A, 46 min 15 s; Figure 2B,
the vacuole via the Cvt and autophagic pathways. 14 min 37 s), indicating that autophagic bodies were
disintegrated by vacuolar hydrolases immediately after
entering the vacuole. API-GFP enabled us to trace CvtDelivery of the Cvt Complex to the Vacuole
complex delivery mediated by autophagosome in livingby the Autophagosome
cells under the fluorescence microscope.To investigate the dynamics of API, API-GFP was ob-
served in apg1ts cells (Suzuki et al., 2001) under the
fluorescence microscope. When cells were treated with The Cvt Complex Is Not Essential for
Autophagosome Formationrapamycin for 3 hr at 37C, the fluorescence intensity
of the dot increased, whereas the vacuolar lumen was Autophagosome formation is essential for the transport
of the Cvt complex during starvation (Figure 2). To exam-not labeled (Figure 2A, 45 min 0 s; Figure 2B, 8 min 0
s), indicating that API-GFP transport to the vacuole was ine the converse, whether the Cvt complex is required
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of the Cvt complex for autophagosome formation by
using the apg1tspep4 strain. The proteinase A-deficient
mutant (pep4) fails to degrade autophagic bodies.
Hence, the mutant accumulates autophagic bodies in
the vacuole during autophagy. Cells were incubated with
rapamycin for 4 hr at 37C, and then the temperature was
decreased. Sixty minutes after the temperature shift, cells
were collected and examined by fluorescence micros-
copy. More than ten autophagic bodies had been accu-
mulated in the vacuole (Figures 3B and 3C, Merge).
Among them, only one or two autophagic bodies were
labeled with API-GFP (Figures 3B and 3C, API-GFP).
These facts indicate that the autophagosome can be
formed in the absence of the Cvt complex. As the major-
ity of autophagic bodies were labeled with API-GFP in
wild-type cells (see below), the rate of Cvt complex orga-
nization in these cells may be equivalent to that of auto-
phagosome formation. In the case of the apg1ts mutant,
multiple autophagosomes are generated successively
after the temperature is decreased (Suzuki et al., 2001),
even though the Cvt complex is enclosed in one auto-
phagosome (Figure 2). In other words, after a tempera-
ture drop, the rate of autophagosome formation far ex-
ceeds that of Cvt complex organization, leading to the
formation of autophagosomes that lack the Cvt
complex.
Mutations in the API Propeptide Affect the Formation
and Delivery of the Cvt Complex
Oda et al. analyzed the relationship between the API
propeptide and API transport (Oda et al., 1996). The API
propeptide is composed of 45 amino acids. The first 18
amino acids form an  helix, amino acids 20–24 form a
 turn, and the last 20 amino acids form a second  helix.
In that study, some mutations that affect API processing
were obtained by a random mutagenesis screen of the
API propeptide. Almost all of the mutations that affectFigure 3. The Cvt Complex Is Not Essential for Autophagosome
Formation API processing are found in the first  helix, except
(A) Autophagic activity was measured by alkaline phosphatase (ALP) P22L. Propeptide processing is blocked completely in
assay as described in Experimental Procedures. Wild-type (KVY55), the L11S mutant. The P22L mutant binds membranes,
apg7 (JOY687), and ape1 (YYK203) cells expressing the cytosolic maybe vacuolar membranes, and is defective in pro-
proform of ALP (Pho860p) were cultured in YEPD medium and
cessing. Both L11S and P22L mutants are proteinase Ktransferred into SD (N) medium. The APE1 gene encodes API.
accessible in the absence of detergent, suggesting that(B and C) Autophagic bodies are formed in the absence of the Cvt
they are not enclosed in Cvt vesicles or autophago-complex. apg1tspep4 cells expressing API-GFP were incubated
with rapamycin for 4 hr at 37C and then incubated at 30C for 60 somes.
min. (B) and (C) represent two sets of typical images from individual To further dissect the process of the Cvt complex
cells. Under the fluorescence microscope, the fluorescence of API- formation, we constructed strains expressing APIL11S-
GFP moved rapidly inside the vacuole (API-GFP). The fluorescence
GFP and APIP22L-GFP by site-directed mutagenesis. Un-images of API-GFP and Nomarski images are shown at the right
der the fluorescence microscope, APIL11S-GFP showed(Merge). Bar, 5m.
a cytosolic labeling pattern (Figure 4). Moreover, GFP
fluorescence was not detectable in the vacuole, even in
the presence of rapamycin (Figure 4). APIL11S probablyfor autophagosome formation, we examined first the
autophagic activity of the ape1 mutant, which lacks has a defect in the Cvt complex formation process,
which must be important for the selective transport of API.the APE1 gene encoding API. Autophagic bodies were
formed normally in the ape1 mutant (data not shown). In contrast, APIP22L-GFP formed the Cvt complex (Figure
4). Under growing conditions, APIP22L-GFP-express-In addition, autophagic activity was estimated by moni-
toring the alkaline phosphatase (ALP) activity in cells ing cells showed weak vacuole staining and possessed
dots that fluoresced much brighter than those express-expressing a cytosolic proform of the ALP (Pho860p),
which is transported to vacuoles by autophagy for acti- ing the wild-type protein (Figure 4), indicating that the
formation of the Cvt complex is normal in the APIP22Lvation (Noda et al., 1995). The autophagic activity in the
ape1 mutant was at the same level as that in the wild- mutant, though the delivery of API to the vacuole was
still defective. This vacuolar transport defect of APIP22L-type strain (Figure 3A).
Next, we morphologically examined the requirement GFP was rescued by rapamycin treatment (Figure 4).
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Figure 4. Localization of API-GFP Is Im-
paired by Mutations in Its Propeptide
Cells expressing API L11S-GFP (GYS308) or
API P22L-GFP (GYS312) were grown in SD plus
CA medium and stained with FM4-64 to visu-
alize the vacuolar membrane. GFP and FM4-
64 were observed by fluorescence micros-
copy and merged. Green and red colors in
merged images represent GFP and FM4-64,
respectively. Fluorescence images of APIP22L-
GFP (Growing) and APIWT-GFP (Growing)
were taken with the same exposure time.
Cells were grown in SD plus CA medium
(Growing). Cells were incubated with rapa-
mycin for 3 hr (Rapamycin). Bar, 5 m.
These analyses of mutant API-GFP suggest that the API 5). The vacuolar lumen was never stained by GFP in
those strains (Figure 5), indicating that the transport ofpropeptide plays a crucial role in Cvt complex formation
and its subsequent targeting into the Cvt vesicle/auto- the Cvt complex to the vacuole was completely blocked.
The selective sequestration of the Cvt complex intophagosome.
autophagosomes suggests that it interacts with the
PAS. Thus, we examined the colocalization of API andThe Cvt Complex Is Localized to the
Preautophagosomal Structure
Recently, we identified the preautophagosomal struc-
ture (PAS), which plays important roles in autophago-
some formation (Suzuki et al., 2001). This structure is
observed as a dot next to the vacuole, regardless of
nutrient conditions, and contains several Apg proteins,
such as Aut7p/Apg8p and Apg5p (Suzuki et al., 2001).
Klionsky and colleagues have reported that Cvt9p and
Cvt19p are found in a perivacuolar punctate structure
together with Aut7p (Kim et al., 2002; Scott et al., 2001),
suggesting that the PAS is also involved in the Cvt
pathway.
Using Aut7p and Apg5p as indicators, we classified
all APG genes into three groups (classes A, B, and C),
relating to their roles in PAS formation (Suzuki et al.,
2001). The class A APG genes are not involved in PAS
formation. By contrast, the recruitment of Aut7p and
Apg5p to the PAS is severely impaired in the class B
Figure 5. The Cvt Complex Is Formed in apg Mutantsapg mutants. The class C mutants show a defect only
apg1 (GYS237), apg7 (GYS251), and vps30 (GYS249) cells ex-in the recruitment of Aut7p (Suzuki et al., 2001). To exam-
pressing API-GFP were grown in SD plus CA medium and observedine the involvement of Apg proteins in the formation of
by fluorescence microscopy. apg1 cells were treated with rapa-
the Cvt complex, we observed the localization of API- mycin for 3 hr. The vacuolar membrane was stained with FM4-64.
GFP in several apg mutants. The Cvt complex was de- Green and red colors in merged images represent GFP and FM4-
64, respectively. Bar, 2 m.tected as a dot in all classes of apg disruptants (Figure
Developmental Cell
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Aut7p as markers of the Cvt complex and the PAS,
respectively. Wild-type cells expressing API-GFP were
incubated with rapamycin for 3 hr and fixed with 4% para-
formaldehyde, and the PAS was visualized by immunofluo-
rescence microscopy with API-GFP and anti-Aut7p anti-
bodies as described in Experimental Procedures.
Subsequently, we counted the number of colocalized
dots among cells that contained both API-GFP and
Aut7p signals. A significant portion of the Cvt complexes
(28%, n  82) was localized to the Aut7p-labeled PAS
(Figure 6A), indicating that the Cvt complex enters the
autophagosome by associating with the PAS.
Cvt19p Is an Essential Factor for Autophagosome-
Mediated Selective Transport
Cvt19p is a specific factor for API transport, interacting
directly with the API propeptide (Leber et al., 2001; Scott
et al., 2001). The cvt19 mutant is defective not in au-
tophagy, but in API maturation, even in the presence of
rapamycin (Scott et al., 2001). This suggests that Cvt19p
may be essential for Cvt complex organization. There-
fore, we examined whether the Cvt complex was formed
in the cvt19 mutant. In the presence of rapamycin, the
vacuole exhibited little GFP labeling (data not shown).
This result is consistent with previous biochemical stud-
ies. API-GFP, however, was detected as a dot outside
the vacuole (Figure 6B). Moreover, its fluorescence in-
tensity was brighter than that in wild-type cells, sug-
gesting that proAPI-GFP accumulates heavily outside
the vacuole as a consequence of the blockage in the
Cvt complex transport to the vacuole and that Cvt19p
is not involved in Cvt complex formation.
The autophagosome becomes an autophagic body
upon entering the vacuole. A proteinase A-deficient mu-
tant (pep4) fails to degrade autophagic bodies, accu-
mulating them in the vacuole as autophagy progresses
(Takeshige et al., 1992). To determine whether the Cvt
complex is targeted to the autophagosome, API-GFP
was observed in pep4 background mutants. Previously,
immunoelectron microscopy showed that Cvt complexes
are enclosed in autophagic bodies in the pep4 mutant
(Baba et al., 1997). The majority of the autophagic bodies
were labeled with API-GFP in the pep4 mutant (Figure
6C), indicating that most autophagic bodies contained
Cvt complexes. In contrast, Cvt complexes were not
detected in autophagic bodies in the pep4cvt19 mu-
tant (Figure 6C, arrowheads), suggesting that Cvt19p
was involved not in the formation of the Cvt complex,
but in its targeting to the autophagosome. Similarly, only
a small fraction of autophagic bodies was labeled with
API-GFP in the pep4cvt9 mutant (data not shown).
These results suggest that Cvt19p and Cvt9p function in
the targeting of the Cvt complex to the autophagosome.
Figure 6. The Cvt Complex Associates with the Preautophagosomal
Structure (PAS) and the Vacuole
(A and B) Cvt19p is essential for the association of the Cvt complex
with the PAS. Wild-type (GYS244) and cvt19 (GYS286) cells ex- cells. Therefore, the image of cvt19pep4 cells was taken with a
pressing API-GFP were grown in SD plus CA medium and then fixed shorter exposure time than for pep4 cells. Bar, 5 m.
with 4% paraformaldehyde after incubation with rapamycin for 3 hr. (D) Cvt19p mediates the association of the Cvt complex with the
Bar, 2 m. vacuole. Cell lysates obtained from apg1 (GYS102) and cvt19
(C) Cvt19p is required for the selective transport of the Cvt complex (GYS285) cells were separated into 5,000  g supernatant (S5) and
to the autophagosome. pep4 cells (GYS259) and cvt19pep4 pellet fractions (P5) as described in Experimental Procedures. Pro-
cells (GYS314) expressing API-GFP were treated with rapamycin for API and alkaline phosphatase (ALP) were detected by immunoblot-
3 hr and then incubated in S (NC) medium for 3 hr. The Cvt complex ting with antiserum against the respective proteins. mALP, mature
in cvt19pep4 cells (arrowheads) was much brighter than in pep4 ALP (a marker of the vacuolar membrane); sALP, soluble ALP.
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Next, we determined whether the Cvt complex associ- of autophagosome cargos. Here, we succeeded in de-
ates with the PAS. cvt19 cells were incubated with tecting the Cvt complex using API-GFP as a marker.
rapamycin for 3 hr and fixed with 4% paraformaldehyde, Previously, we examined the dynamics of autophago-
and the PAS was visualized by immunofluorescence some formation using GFP-fused Aut7p (GFP-Aut7p),
microscopy. None of the Cvt complexes (0%) coloca- an autophagosomal marker, and found that autophago-
lized with the PAS (n  60; Figure 6B) in cvt19 cells, somes are generated from the preautophagosomal
compared with approximately 30% in wild-type cells structure (PAS; Suzuki et al., 2001). Several Apg pro-
(Figure 6A). This result suggests that the Cvt complex teins, such as Aut7p and Apg5p, are concentrated to
cannot associate with the PAS in the absence of Cvt19p. the PAS, which plays a crucial role in autophagosome
Therefore, Cvt19p is an essential factor for targeting the formation (Suzuki et al., 2001). Moreover, some Cvt pro-
Cvt complex to the PAS. teins colocalize with Aut7p (Kim et al., 2002; Scott et
To obtain further insight for the association of proAPI al., 2001), suggesting that the PAS is also involved in
with the PAS, we performed a cell fractionation analysis. the Cvt pathway. Here, we used a temperature-sensitive
apg1 andcvt19 cells, cultured in YEPD medium, were apg1 mutant (Suzuki et al., 2001) to examine the dynam-
spheroplasted and lysed in a buffer containing 5 mM ics of the Cvt complex. The Cvt complex in apg1ts cells
MgCl2. Then, cell lysates were centrifuged at 5000  g at 37C was similarly associated with the PAS to that
to separate the vacuole (P5) and the supernatant (S5) in wild-type cells (data not shown). Autophagosomes
fractions. In apg1 or cvt19 mutant, vacuolar ALP labeled with GFP-Aut7p responded to the temperature
(mALP), a vacuole marker, was detected exclusively in shift from nonpermissive to permissive temperature by
the P5 fraction (Figure 6D). In the same fraction, a portion separating from the PAS and, subsequently, labeling the
of Aut7p and an Apg12p-Apg5p conjugate, representa- vacuole (Suzuki et al., 2001). The PAS itself never enters
tive PAS markers, were recovered (Figure 6D). These the vacuole, but stays next to the vacuole (Suzuki et al.,
proteins disappeared from the P5 fraction in the apg7 2001). By contrast, the Cvt complex enters the vacuole
mutant (data not shown), suggesting that the formation en masse, thus diminishing GFP labeling outside the
of phosphatidylethanolamine-conjugated Aut7p (Aut7p- vacuole (Figure 2), indicating that it is engulfed in a single
PE; Ichimura et al., 2000) and the Apg12p-Apg5p conju- autophagosome.
gate (Mizushima et al., 1998) is essential for their tar- In apg1ts cells, it took approximately 20 min for the
geting to the P5 fraction. Since we have indicated that Cvt complex to enter the vacuole after lowering the
the PAS contains Aut7p-PE (Suzuki et al., 2001), this temperature (Figure 2), indicating that autophagosome
result suggests that the PAS is recovered in the P5 formation and fusion to the vacuole occur with this same
fraction together with the vacuole in both apg1 and time course. Since the apg1ts mutant is slightly defective
cvt19 mutants. Next, we examined the localization of in autophagy (Suzuki et al., 2001), transport may be
proAPI in the same cell lysates. ProAPI in the apg1 faster in the wild-type cell. Just after entering the vacu-
mutant was mainly detected in the P5 fraction (Figure ole, autophagic bodies rapidly disintegrated, and their
6D), as described in other apg mutants (Kim et al., contents diffused throughout the vacuole in two minutes
2001a). In contrast, proAPI was not recovered in the P5 (Figure 2). This observation indicates that the contents
fraction of cvt19 mutant cells, (Figure 6D), suggesting of autophagosomes became vacuolar hydrolase, acces-
that it cannot localize in the vacuole fraction without sible soon after transfer to the vacuole. Lipases, such
Cvt19p. These results indicate that Cvt19p mediates the as Aut5p/Cvt17p (Epple et al., 2001; Teter et al., 2001),
association of proAPI with the PAS, ultimately resulting may act to disintegrate autophagic bodies.
in proAPI-vacuole binding.
Determinants for the Selectivity of the CvtDiscussion
Complex to the Autophagosome
Previous analyses revealed the various biochemicalContents sequestered in autophagosomes are destined
characteristics of API at different stages of maturation.to travel to the vacuole. Thus, examination of auto-
First, proform API (proAPI) and mature API (mAPI) arephagosome cargos can elucidate pathways of vacuolar
distinguished by molecular mass. ProAPI (about 61 kDa)transport. So far, several cytosolic enzymes and ribo-
forms the Cvt complex, is delivered to the vacuole viasomes are known to be nonselectively engulfed, while
the Cvt vesicle/autophagosome, and, finally, is pro-API and -mannosidase are selectively enclosed within
cessed to mAPI (about 50 kDa) by the action of vacuolarautophagosomes. A selective cargo, such as API, can
hydrolases. This property is used to estimate whetherbe used as a marker to analyze how the contents of the
the Cvt or autophagic pathway runs normally. Second,autophagosome are delivered to the vacuole. A large
whether proAPI is correctly engulfed within the Cvt vesi-amount of biochemical data concerning API has been
cle/autophagosome is estimated by the proteinase Kaccumulated, making it a useful marker for analysis by
digestion experiment. When the Cvt complex is not en-fluorescence microscopy. The use of API-GFP enabled
gulfed in a vesicle, proAPI is processed to mAPI byus to trace a single Cvt complex in a living cell. Moreover,
proteinase K treatment in the absence of detergent (Odait allowed us to investigate the mechanism of auto-
et al., 1996). Third, an association of proAPI with mem-phagosome-mediated selective API transport.
branes was demonstrated (Oda et al., 1996). In APIP22L
and apg mutants, most proAPI is recovered in a pelletDynamics of the Cvt Complex under
fraction but is sensitive to proteinase K treatment. Onea Fluorescence Microscope
model proposed that proAPI binds to the outside of theVisualization of the Cvt complex is a technique that has
long been pursued for use in analysis of the dynamics vacuolar membrane (Oda et al., 1996).
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Immunoblot analysis showed that API-GFP was less result strongly supports a role for Cvt19p in the process
efficiently processed than wild-type API (Figure 1A). We of Cvt complex targeting to autophagosomes. We also
performed cell fractionation analysis and found that the demonstrated that the Cvt complex was associated with
membrane-bound API-GFP apparently was reduced the PAS. To examine whether this association is required
compared with wild-type API (data not shown), sug- for selective transport of the Cvt complex to the auto-
gesting that proAPI-GFP is less effectively recruited to phagosome, we quantified the colocalization of the Cvt
the Cvt complex than proAPI. However, API-GFP was complex with the PAS in the cvt19 mutant. In wild-
clearly observed as a dot next to the vacuole (Figure type cells, about 30% of double-labeled cells contained
1D), and the fluorescent dots disappeared with a single colocalized signals, whereas no colocalization was de-
mutation (L11S) in the API propeptide (Figure 4). In addi- tected in cvt19 cells (Figure 6A and B). This result
tion, the L11S mutation absolutely prevented API-GFP suggests that the interaction between the Cvt complex
transport to the vacuolar lumen, even in rapamycin- and the PAS is impaired in the cvt19 mutant. Further-
treated cells (Figure 4). Since these localizations corre- more, our cell fractionation analysis showed that, in the
spond well to the previous biochemical results, we think cvt19 mutant, proAPI is not recovered in the vacuole
that API-GFP represents the localization of wild-type fraction, whereas a significant amount of Aut7p and
API. Apg12p-Apg5p, components of the PAS, are detected
Recently, the Cvt complex was characterized in the in the vacuole fraction (Figure 6D). This fact suggests
cytoplasm by electron microscopy and shown to be that the lack of Cvt19p affects the Cvt complex associa-
enclosed within autophagosome under starvation con- tion with the vacuole. Integrating these results, we hy-
ditions (Baba et al., 1997). Here, we visualized the Cvt pothesize that Cvt19p mediates the association of the
complex by fluorescence microscopy. API-GFP pro- Cvt complex with the PAS and, subsequently, the bind-
vides us with a novel criterion to determine whether the ing of the Cvt complex to the vacuole. In this study, we
Cvt complex is organized. Through observations of API- suggested that Cvt9p is also involved in Cvt complex
GFP mutants, we found that APIL11S-GFP showed a cyto- targeting to the PAS (data not shown). Previous exami-
solic labeling pattern but was not recruited to a Cvt nations showed that Cvt9p and Cvt19p are localized
complex (Figure 4). In contrast to APIL11S-GFP, APIP22L- to perivacuolar punctate structures (Scott et al., 2001).
GFP formed the Cvt complex, while its transport to the Presumably, both proteins play roles in the association
vacuole was defective (Figure 4). As APIP22L physically of the Cvt complex with the PAS.
interacts with Cvt19p (Scott et al., 2001), this association
may contribute the transport of APIP22L-GFP to the vacu- The Cvt Complex Is Not Essential for
ole. These facts suggest that the API propeptide is in- Autophagosome Formation
volved both in Cvt complex formation and in its delivery Since autophagic activity is normal in the ape1 cell,
to the vacuole. Previous studies demonstrated that API cannot be necessary for autophagosome formation
API9–11, which lacks three amino acids in the first  helix, (Figure 3A). Furthermore, observation of the apg1tspep4
cannot associate with a membrane fraction, maybe the mutant showed that autophagic bodies do not need to
vacuolar membrane, and that APIP22L binds to the mem-
form Cvt complexes (Figures 3B and 3C). In addition,
brane but is defective in its transport to the vacuole
APG genes are not required for the formation of the Cvt
(Oda et al., 1996). In addition, the APIP22L mutant is pro-
complex (Figure 5). These results also suggest that the
teinase K accessible (Oda et al., 1996). Taking these
Cvt complex and autophagosome are formed indepen-observations together, we hypothesize that proAPI in
dently. It is likely that autophagosomes incidentally en-the Cvt complex is membrane associated, but not se-
gulf proAPI, which is accumulated on the PAS when thequestered in a vesicle.
autophagosome is formed.The Cvt complex is formed independently of auto-
Saccharomyces cerevisiae APG gene homologs arephagosome formation. For selective transport of the Cvt
found ubiquitously in other eukaryotes, such as Caeno-complex, there must be factors that are involved in con-
rhabditis elegans, Drosophila melanogaster, Mus mus-necting the Cvt complex with the autophagosome. Such
culus, Homo sapiens, Olyza sativa, and Arabidopsis thal-factors should not affect autophagosome formation, but
iana (summarized in Reggiori and Klionsky, 2002). Oninstead, specifically, Cvt complex transport. The Apg
the other hand, genes specifically involved in the Cvtproteins are unlikely to be such factors, as they are
pathway, such as CVT9, VAC8, or CVT19, have not beeninvolved in autophagosome formation. One possible
found in higher eukaryotes (Reggiori and Klionsky,candidate for such a factor is Cvt19p, as the autophagic
2002). These facts suggest that the Cvt pathway is evolu-pathway proceeds normally but API maturation is defec-
tionally distinct from the autophagic pathway. The Cvttive in autophagy-induced cells in the cvt19 mutant
pathway, which operates during growing conditions,(Scott et al., 2001). Cvt19p directly binds to proAPI in a
may coopt the machinery of the autophagic pathway topropeptide-dependent manner and localizes to a periva-
deliver the Cvt complex. Identification of other compo-cuolar punctate structure (Scott et al., 2001). These find-
nents involved in the Cvt pathway will allow us to obtainings suggest two possibilities for Cvt19p function; it may
further insights into mechanisms of selective transportbe involved in Cvt complex formation or in targeting to
underlying the Cvt pathway.autophagosomes. We showed that the Cvt complex is
In this study, we visualized the Cvt complex as anformed normally in the absence of Cvt19p (Figure 6B),
autophagosomal cargo and investigated its dynamics.indicating that Cvt19p is not essential for Cvt complex
This analysis brought us new insights into the fate offormation. In the cvt19pep4 mutant, autophagic bod-
the contents sequestered by the autophagosome. Fur-ies accumulated in the vacuole, although Cvt complexes
did not enter the autophagic bodies (Figure 6C). This thermore, we obtained a mechanistic understanding of
Dynamics of the Cvt Complex in Yeast
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1.5 by NaOH/2-mercaptoethanol extraction with a slight modifica-the selective transport of the Cvt complex mediated by
tion (Horvath and Riezman, 1994).the autophagosome, which is involved in nonselective
For cell fractionation, cells were grown in YEPD medium to aprotein degradation.
density of approximately OD600  1.5 and spheroplasted with Zymo-
lyase 100T (Seikagaku Kogyo), suspended in PS200 buffer (20 mM
PIPES [pH 6.8] and 200 mM sorbitol) containing 5 mM MgCl2, 1Experimental Procedures
protease inhibitor cocktail (Roche), and 1 mM phenylmethylsulfoyl
fluoride (Sigma), and lysed with a Nucleopore filter (pore size, 3.0Yeast Strains and Media
m; Whatman). After cell debris was removed, cell lysates wereYeast strains used in this study are listed in Table 1. We used
fractionated by centrifugation at 5,000  g for 5 min and subjectedstandard methods for yeast manipulation (Adams et al., 1998). Cells
to immunoblot.were grown in either YEPD (1% yeast extract, 2% peptone, and 2%
Anti-API antiserum (Hamasaki et al., submitted), anti-GFP antise-glucose) or SD plus CA medium (0.17% yeast nitrogen base without
rum (gift from Dr. Abe, RIKEN), anti-Aut7p antiserum (Kirisako et al.,amino acid and ammonium sulfate, 0.5% ammonium sulfate, 0.5%
1999), anti-Apg12p antiserum (Kuma et al., 2002), and anti-alkalinecasamino acid, and 2% glucose) supplemented with 0.002% ade-
phosphatase (ALP) antiserum (Noda et al., 1995) were used as pri-nine sulfate, 0.002% tryptophan, and 0.002% uracil, if necessary.
mary antibodies. Each protein was detected with peroxidase-conju-Autophagy was induced in growth media containing 0.4 g/ml rapa-
gated goat anti-rabbit IgG antibody (Seikagaku Kogyo) by a Westernmycin (Sigma). For nitrogen starvation, cells were incubated in SD
Lightning (PerkinElmer) chemiluminescence detection system.(N) medium (0.17% yeast nitrogen base without amino acid and
ammonium sulfate and 2% glucose). To observe autophagic bodies,
Microscopywe incubated cells in S (NC) medium (0.17% yeast nitrogen base
Fluorescence microscopy was performed with a DeltaVision micro-without amino acid and ammonium sulfate). Yeast extract, yeast
scope (Applied Precision). FM4-64 (Molecular Probes) was used tonitrogen base without amino acid and ammonium sulfate, and ca-
identify the vacuolar membrane. Cells grown in SD plus CA mediumsamino acid were obtained from Difco. Peptone, glucose, ammo-
were incubated with 1 g/ml FM4-64 for 15 min and then chasednium sulfate, adenine sulfate, tryptophan, and uracil were purchased
for 30 min. The labeled cells were visualized with a Texas red filter.from Wako Pure Chemical Industries.
To observe API-GFP, we employed an FITC filter. Autophagic bodiesA strain expressing API-GFP (GYS244) was generated with a PCR-
are detected as particles moving around inside the vacuole bybased gene modification method (Longtine et al., 1998), in which a
Brownian movement under the Nomarski optics. We took sequentialGFP sequence is inserted directly 3	 to the target gene. A DNA
images of Nomarski and fluorescence images separately, countedfragment containing GFP-kanMX6 and a sequence homologous to
the numbers of autophagic bodies and API-GFP dots, and estimatedthe 3	 end of APE1 gene, which encodes API, was amplified from
autophagic bodies containing API-GFP. Culture temperatures werethe pFA6a-GFP(S65T)-kanMX6 plasmid (Longtine et al., 1998), trans-
controlled with a TC3 culture dish system (Bioptechs) during time-formed into SEY6210 cells, and plated onto YEPD plates. The plates
lapse video microscopy.were incubated overnight at 30C and then replicated onto YEPD
Immunofluorescence microscopy was performed as describedplates containing 400 g/ml G418 (Gibco). Colonies were picked
previously (Nishikawa et al., 1994). Cells were grown in SD plus CAand grown in YEPD medium, and integration was checked by PCR
medium to a density of approximately OD600  1.5. Cultures wereanalysis. To mutagenize API-GFP, we performed site-directed muta-
then treated with rapamycin for 3 hr and subsequently fixed in 4%genesis with QuikChange (Stratagene). The APE1 gene was PCR
paraformaldehyde. Cells were then converted into spheroplasts andamplified with Pyrobest (TaKaRa), with primers APE1SACIF
permeabilized with PBS containing 0.5% Triton X-100 for 10 min at(5	-GCCAGTTGTTCATTCGGAGCTCTCTTGTGC-3	) and APE1N SIIR
room temperature. Next, the cells were dropped onto polylysine-(5	-CGGCTGTCAAGGCCCACATTGGTGTTC-3	), after digestion by
coated (Sigma) multiwell slide glasses (Cel-line Associates). Affinity-SacI/XbaI. The resulting fragment was subcloned into pBluescript
purified anti-Aut7p antibody was used as the primary antibody, andII KS
 plasmid and mutagenized with primers APE1L11SF (5	-CGT
then a Cy5-conjugated secondary antibody (Amersham) was used.GAAATACTGGAACAATCGAAGAAAACTCTGCAGATGC-3 	 )
GFP and Cy5 were visualized with FITC and the Cy5 filter sets,and APE1L11SR (5	-GCATCTGCAGAGTTTTCTTCGATTGTTCCAG
respectively.TATTTCACG-3	) for the L11S mutation and APE1P22LF (5	-GCAGAT
GCTAACTGTAGAGCTATCTAAAAATAACCAAATCGCC-3	) and
Alkaline Phosphatase (ALP) AssayAPE1P22LR (5	-GGCGATTTGGTTATTTTTAGATAGCTCTACAGTTA
Autophagic activity was estimated by measuring alkaline phospha-GCATCTGC-3	) for the P22L mutation. From the same PCR product,
tase activity in cells expressing a cytosolic proform of the phospha-the 3	 region of APE1 gene was also subcloned by digestion with
tase (Pho860p; Noda et al., 1995). -naphtyl phosphate (Sigma)XbaI/NsiI into an XbaI/PstI-digested pBluescript KS
 plasmid. The
was used as a substrate. Pho860p is transported to the vacuolemutated 5	 region of APE1 gene was excised by SacI/XbaI digestion
via autophagy and processed to the active form in the vacuolarand subcloned into a plasmid containing the 3	 region of the wild-
lumen.type APE1 gene. This mutated APE1 gene was cloned into a pRS306
plasmid by SacI/HindIII digestion, and then the plasmid was trans-
Acknowledgmentsformed into GYS244 cells after SacI digestion. Transformants were
grown on YEPD plates and then patched onto 5-fluoroorotic acid
We thank Dr. Hiroshi Abe (RIKEN, Japan) for kindly providing antise-(5-FOA) plates. Colonies grown on the plate were examined by fluo-
rum against GFP. We would like to thank Drs. Mark S. Longtine andrescence microscopy to select strains that exhibit abnormal API-
Kazuma Tanaka for plasmids and Mr. Jun Onodera for his donationGFP localization, and the mutations were confirmed by DNA se-
of a cell strain. We would also like to thank the NIBB Center forquencing.
Analytical Instruments for their technical assistance. This work wasThe cvt19 strain was constructed as follows: the CVT19 gene
supported in part by Grants-in-Aid for Scientific Research from thewas PCR amplified with CVT19ERVF (5	-CCGGATATCGAGGTTAT
Ministry of Education, Science, Sports, Culture and Technology ofTAGTAGTTTGCAC-3	) and CVT19BHIR (5	-CGCGGATCCTGATTGT
Japan. K.S. was supported by Research Fellowships of the JapanCCGTACTTTTCTGG-3	) and cloned into a pBluescript KS II
 plas-
Society for the Promotion of Science for Young Scientists.mid after EcoRV/BamHI digestion (pBSCVT19). The URA3 gene was
excised from PJJ242 by HindIII/NsiI digestion and inserted into the
Received: July 30, 2002HindIII/PstI-digested pBSCVT19 plasmid. The resultant plasmid was
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strain.
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